Since it is envisioned that satellites will be an integral component of the 5G infrastructure, it is worth studying how satellite communication systems can benefit from the application of non-orthogonal transmission schemes as well. The authors describe different non-orthogonal schemes that are suitable for the forward link of the satellite (i.e., satellite to user).
AbstrAct
Non-orthogonal transmission is a promising technology enabler to meet the requirements of 5G communication systems. Seminal papers demonstrated that non-orthogonal multiplexing techniques outperform orthogonal schemes in terms of capacity, latency, and user fairness. Since it is envisioned that satellites will be an integral component of the 5G infrastructure, it is worth studying how satellite communication systems can benefit from the application of non-orthogonal transmission schemes as well. Contrary to common perception, current communications through a satellite present a different architecture and face different impairments than those in the wireless terrestrial links. In particular, this work aims to describe different non-orthogonal schemes that are suitable for the forward link (i.e., satellite to user). In contrast with the return link of the satellite (i.e., user to satellite), where the use of non-orthogonal transmission schemes has been widely studied, less effort has been devoted to the forward link. In light of this, this article provides an overview and a novel taxonomy that is based on the forward link of different non-orthogonal multibeam transmission schemes. Finally, guidelines that open new avenues for research in this topic are provided.
IntroductIon
Non-orthogonal transmission schemes, such as power-domain non-orthogonal multiple access (NOMA), may play a pivotal role in 5G to help increase the peak data rate, area traffic capacity, and spectral efficiency [1] . From theory, it is known that in certain communication channels, NOMA outperforms orthogonal schemes, such as frequency-or time-division multiplexing. This happens in particular in those scenarios where there is a large imbalance among user link qualities. At the receiver side, multiuser detection (MUD) techniques, such as linear detection and nonlinear detection based on parallel or successive interference cancellation (SIC), can be utilized to decode the superimposed signals.
In parallel to the 5G evolution, the ever growing demand for high data throughput has triggered research efforts to improve the spectral efficiency of satellite communications. Very high or high throughput satellites (V/HTS) [2] are emerging satellite solutions that greatly demand such spectral efficiency improvements. These systems deploy multiple beams that tessellate the coverage area in small beam footprints, thus allowing frequency reuse across the coverage area. By adopting three or four frequency reuse schemes, a certain level of isolation between co-channel beams is practically guaranteed. Therefore, the user terminals can apply single-user decoding (SUD) without significant performance degradation. With the aim of lowering the cost per bit per second and increasing the spectral efficiency or the available system bandwidth, among the new strategies, novel systems foster more aggressive frequency reuse, and thus the inter-beam interference increases. To tackle this increase of interference levels, existing satellite standards, such as digital video broadcasting over satellite (DVB-S2X), have included provisions for implementing multibeam precoding techniques in the forward (FWD) link.
It is envisioned that the role of satellites will be crucial in the forthcoming 5G networks to increase the availability in underserved areas and provide support for mobility, traffic offloading, and content-centric networking. Research projects such as SaT5G and Satis5 fully endorse the growing interest in the integration of satellite and 5G. Hence, analogous to terrestrial communications, it is deemed necessary to study if implementations of non-orthogonal transmission techniques can further increase the spectral efficiency of satellite communications. In this article we aim to benefit from the penetration of non-orthogonal schemes in 5G to study satellite schemes with shared time-frequency resources. In the same vein, the work presented in [3] introduces basic NOMA as well as multiple variations in cognitive and cooperative satellite terrestrial networks. This article instead focuses on non-orthogonal transmission techniques suitable for the FWD link of conventional multibeam satellite systems. Concerning the multibeam architecture, it is worth emphasizing that the satellite payload is equipped with a multiplicity of feeds, which allow simultaneously serving different spot beam areas on the ground. Typical satellite payloads do not support power sharing, which implies that each feed has its own power budget. Therefore, the peculiarities of multibeam satellite communications call for specific transmission strategies, precoding techniques, and, ultimately, new network resource allocation strategies. It is worth mentioning that although there are papers that review precoding techniques in multibeam satellites [4] , there is not yet an appropriate tutorially oriented article that encompasses non-orthogonal transmission techniques beyond precoding and NOMA, and which accounts for the unique characteristics of satellite communications. With this aim, this article introduces an overview taxonomy based on the FWD link of different multibeam transmission schemes. The rest of the article is organized as follows. We present the basic idea behind NOMA and lay out the different non-orthogonal transmission schemes that arise in the satellite multibeam architecture. Next, we explain how non-orthogonal transmission schemes can be integrated with precoding in a realistic environment with full frequency reuse (FFR) whenever there is full channel state information at transmission (CSIT). Finally, we draw some conclusions and outline further research directions.
reference schemes of non-orthogonAl trAnsmIssIon technIques In V/hts
To briefly introduce NOMA, we focus our attention on its simplest form, which serves two users by employing power-domain multiplexing [1] . One of the users receives a markedly stronger signal than the other. The other user is referred to as the weak user, which can be, for instance, closer to the edge of the beam, or equipped with a smaller receiving antenna. In NOMA, this asymmetry is usually harnessed by assigning more transmit power to the weak user. As for the decoding strategy, the weak user recovers the corresponding message by treating the interference as noise with SUD, while the strong user can recover the desired message by resorting to SIC. Bearing in mind the potential of NOMA, this article describes different forms of non-orthogonal transmission that can be applied in diverse satellite multibeam schemes, which are sketched in Fig. 1 . That is, we extend the current notion of NOMA in order to incorporate additional transmission and receiver operations, which are beneficial for the multibeam satellite system scenario. For the sake of clarity in the exposition, Fig. 1 creates clusters of four beams, which adopt different frequency reuse schemes, out of the total K beams. As for the two-color frequency reuse pattern, we have shown a simplistic representation to be didactic. We recognize that colors could be allocated differently within the cluster. In this regard, the optimal allocation across the multibeam coverage is not tackled in this article. Hereinafter, we discuss the design issues in unicast transmission (i.e., one separate stream for each user) for non-aggressive and aggressive frequency reuse schemes, because different strategies have to be developed depending on the inter-beam interference level.
four-color frequency reuse schemes
First, we refer to the cluster with four colors in Fig.  1 , which draws a perfect analogy between one satellite beam and one terrestrial cell. Note that within a single beam, NOMA can be envisaged as long as there is a significant signal-to-noise ratio (SNR) imbalance among users, and inter-beam interference is negligible [2] . Although in geostationary Earth orbit (GEO) satellite communica-tions the near-far problem of terrestrial networks does not exist, in general satellite systems there are two cases that are worth exploring: 1. Very low Earth orbit satellites where the difference in path and antenna gain could be very large 2. Non-homogeneous user equipment This latter case includes, for instance, the scenario of fixed satellite services in coexistence with aeronautical or vehicular users that are connected via GEO satellite [5, 6] . Another example is the use of the FWD link for Internet of Things (IoT) services, where the antenna gain-to-noise-temperature (G/T) of the receivers could be significantly different.
In the presence of strong inter-beam co-channel interference, the performance of NOMA is degraded. This precludes using NOMA in aggressive frequency reuse schemes. To address the case with inter-beam interference, beams must cooperate. If we open up the possibility of cooperation among beams, the signals intended for users in different beams need to be jointly processed, which departs from basic NOMA and motivates the use of precoding.
two-color frequency reuse schemes
To unleash the full potential of multibeam satellite communication systems, it is deemed necessary to adopt more aggressive frequency reuse schemes. For the sake of clarity, and to better illustrate the concept of non-orthogonal transmission in V/HTS, we consider a beam pattern with a reuse factor 2. A simple model with four beams is shown in Fig. 1 . In current multibeam systems, where the number of beams is large, only two adjacent beams yield significant co-channel interference. This situation can be harnessed by the scheduler to pair the beams according to the location of the users to be served, which simplifies the scenario. A proper pairing targets the minimization of the interference from outside the beam pair at the location of users. Then, out of the two interfering signals that come from the adjacent beams, there will always be one that clearly dominates over the other. On the basis of this premise, the global multibeam system results in multiple two-beam and two-user communication systems that can be separately processed with acceptable performance degradation. It seems intuitive that selecting users located in the overlapping area of two adjacent beams could be of great benefit. In this case, non-orthogonal techniques, such as the ones explained next, shall be designed to cope with the interference generated only by the closest adjacent beam. The background interference arising from beams outside the beam pair is treated as noise. This observation highlights that the proposed approach is not suitable for FFR, where there are several interfering signals that could be received at a magnitude comparable to that of the desired signal. If there is no beam cooperation, we can draw an analogy with the two-user interference channel (IC). In the IC, characterized by the Han-Kobayashi (HK) capacity inner bound, close to optimal strategies consist of dividing each user's message into common and public messages, which are sent via superposition coding. This opens the door to the so-called rate splitting approaches [7] , whose implementation has to take into account that the common message is decodable by both users, while the private one has to be recovered only by its intended receiver and is not decodable by the other one.
On the other hand, if beams are allowed to cooperate in the cluster with two colors represented in Fig. 1 , the multiple-input single-output broadcast channel (MISO-BC) model now becomes the reference. The centralized control that the satellite gateway has on the beams naturally favors the application of precoding techniques [4] . Recently, some works have examined the practicality of combining precoding and rate splitting. The idea is illustrated in Fig. 2 . At the transmit side, each user's message is split into two parts. Without loss of generality, if m i denotes the message intended to the ith user, m ic and m ip correspond to the common and private messages, respectively. Unlike the HK superposition signaling, common parts can be combined into one. The resulting messages are independently encoded and linearly precoded. At the receive side, it is common practice to first decode m c and then apply SIC to decode the corresponding private message. To alleviate the complexity, a suboptimal precoding design is proposed in [8] . At the expense of degrading the performance, the complexity can be further reduced, and the feedback requirements can be relaxed just by exploiting partial CSIT in the form of signal-to-noise ratio (SNR) [9] . It is important to note that most of the works addressing transmit beamforming with common information decoding are usually subject to a global power constraint (e.g., [7] ) rather than the per-feed constraints that have to be imposed on the actual state-of-the-art satellite payload.
Remarkably, if the beams cooperate and rate splitting is employed, channel imbalance between the two users is not as serious. However, we cannot claim that this conclusion holds true, regardless of the scenario. To state that the conclusion applies beyond the two-user MISO-BC, further study is needed. As an example, Fig. 3 illustrates that in two-beam systems, rate splitting achieves a larger rate region than that of orthogonal schemes. The variant with full and partial CSIT corresponds to the practical solution devised in [8, 9] , respectively. In this example, it has been considered that the SNR and interference-to-noise ratio (INR) are the same for each user at each beam. In satellite communications the multipath effect is usually weak. For this reason, the envelope of the channel in the simulations has been modeled as a nonrandom constant; thus, the impact of the fading has not been evaluated. Figure 3 represents the situation where users are close to the center of the beam and, as a consequence, the interference is weak. Interestingly, rate splitting outperforms frequency-division multiplexing (FDM) by only exploiting partial CSIT. If full CSIT is available, rate splitting is able 
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to provide higher rates than the minimum mean square error (MMSE) precoding [10] . As users move to the overlapping area of two beams, the SNR decreases and the INR increases. In such a situation, typical regimes of operation are SNR = 14 dB and INR = 10.5 dB. For these specific values, it has been observed that MMSE precoding is not able to remove the interference and preserve a high SNR. Furthermore, rate splitting with partial CSIT is not advantageous over FDM, because the desired and interfering signals are received with similar magnitude. In light of these observations, it can be concluded that in the interference limited regime, it is crucial to leverage on rate splitting and full CSIT.
To demonstrate that the SNR imbalance between beam-center and beam-edge users is moderate, in Fig. 4 we represent the SNR that static users confined in the area of two adjacent beams would experience in clear sky conditions. It is worth mentioning that the dominant source of co-channel interference is limited to the adjacent beam. Using the satellite antenna radiation pattern and the system parameters provided by the European Space Agency (ESA), we have computed the SNR in approximately 360 positions for each beam. To establish a connection between the numerical results and the footprint, we have indicated the positions that would yield the SNRs and the INRs considered in Fig. 3 . In other words, Fig. 3 represents the rates that are jointly achievable by the two users that form group 1. Group 2 has been created to highlight that the interference becomes more severe as users move away from the center of the beam, yielding SNR 1 =SNR 2 = 14 dB and INR 1 = INR 2 = 10.5 dB.
full frequency reuse schemes
In satellite communications, the adoption of FFR schemes combined with precoding techniques is the leading paradigm to increase the spectral efficiency. A simplified scenario with four beams operating on the same frequency and two users per beam is represented in Fig. 1 . The performance when all beams operate on the same frequency can be further improved by reaping the benefits of MUD. To manage so many interfering signals in FFR, precoding and MUD are used to combat inter-and intra-beam interference, respectively. In order to show it, the next section extends the analysis to the scenario of interest whenever there is FFR, that is, when one satellite has control over a large number of beams that operate on the same frequency.
non-orthogonAl trAnsmIssIon In ffr
Recent advances in multibeam satellite systems have identified spatial precoding as a key enabler for increasing the spatial multiplexing gain [4] . If the V/HTS controls K beams, these are created with N (N  K) feeds or antenna elements onboard. Spatial precoding allows the transmission to K users over an FFR system by jointly processing the input signal at the gateway in order to spatially mitigate the co-channel interference. In this context, the user terminals can benefit from a large available bandwidth preserving a sufficiently large signal-to-interference-plus-noise ratio (SINR) value. It is worth mentioning that user terminals can employ SUD at reception because the inter-ference has been pre-cancelled at the transmit side.
In this section we incorporate the possibility of transmitting L non-orthogonal frames within one beam, yielding a multi-layer transmission for L > 1. Hence, the gateway aims at simultaneously transmitting a number of frames F = KL. In the proposed scenario, N < F. This configuration reveals that there are not enough spatial degrees of freedom to eliminate the co-channel interference, resulting in large intra-and interbeam interference. This communication setting has also been reported in [11] for the NOMA cellular scenario. In terrestrial communications, the clusters in each cell are composed by one cell-center user and one cell-edge user. Optimizing the precoding matrix of a downlink NOMA transmission with multiple clusters requires computationally demanding methods, as reported in [12] . A suboptimal approach to mitigate inter-cell interference is based on sharing the beamformer among the users that are located in the same cell [11] . To guarantee the success of this option, user clustering has to be devised so that selected users have strong channel correlation. Upon mitigating the leakage between cells, NOMA naturally tackles intra-cell interference, since users within each cell are judiciously selected to exhibit a high SNR imbalance. This strategy is usually referred to as multi-cluster multiple-input multiple-output NOMA (MIMO-NOMA).
In satellite communications, mimicking the strategy adopted in terrestrial communications may not always be valid to deal with inter-beam interference and increase the beam-edge users' throughput. The detrimental situation that is created due to the moderate SNR imbalance among users has motivated a new approach presented in [10, 13] , which is called joint precoding and MUD (JPMUD). Contrary to multi-cluster MIMO-NOMA in [11] , the idea is to refrain from sharing the beamformer. Interestingly, the authors in [10] describe a precoding matrix design considering a scenario where the number of frames is twice the number of antenna elements (i.e., F = 2N). It has been shown that solutions based on MMSE precoding succeed in reducing inter-beam interference.
The communication system that results from the application of JPMUD allows representing each beam with two sender-receiver pairs. This motivates the deployment of advanced receivers This has motivated a new approach, which is called joint precoding and MUD.
able to handle the remaining intra-beam interference. Different MUD techniques are investigated, and the theoretical basis of the practical and effective receiving strategy that is going to be proposed next is formed by simultaneous non-unique decoding (SND) [14] . Under the SND theoretical framework, the receiver proposed in [10] is able to perform both SUD and MUD operations. The idea is to examine a subset of messages that is not limited to the message of interest. When the receiver ends up performing MUD, all signals are jointly decoded, albeit unwanted messages are discarded after detection. In contrast, if SUD becomes the decoding strategy of choice, it follows that the interference is treated as noise. The decoding strategy is ultimately determined by the rate selection. MUD is adopted over SUD only if the interference data rate is higher than a given rate bound, which depends on the SNR and the INR regimes of operation [10] . In this case, the conditions are such that the interfering signals can be perfectly decoded.
A second differentiating element in the application of JPMUD is the scheduling. It is known that user scheduling can enhance the attainable rates of spatial precoding. In this context, the authors in [13] present different scheduling alternatives for JPMUD systems [10] . Based on the numerical results presented in [13] , pairing users with the lowest channel gain imbalance and Euclidean distance leads to the largest sum-rate values.
This approach is referred to as minimum power imbalance (MinPI). Remarkably, the adoption of MinPI might not be convenient in other scenarios where SND is not the reference such as the ones described in [11] . So far, JPMUD is only applicable for two layers in each beam. Its generalization is worth studying. Several aspects, such as the decoding strategy and the design criteria of the precoder and the user scheduling, may need to be revisited. Figure 5 depicts the resulting precoding satellite architecture, where there are K beams and L users per beam. It can be inferred that the encoding complexity increase of JPMUD with respect to more conventional single-layer transmission just entails an additional framing operation. We note also that the satellite payload can remain the same regardless of the transmission scheme. Hence, the feeder link, which goes from the gateway to the satellite, does not need to increase its capacity in order to attend the new system requirements. Indeed, precoding multibeam satellite systems based on single-and multi-layer transmission need a total feeder link bandwidth of BN Hz (with B as the user bandwidth). Due to the bandwidth limitations of the feeder link, forthcoming satellite systems would be supported by a set of gateways. The operation of multiple gateways would impact the JPMUD precoded transmission. This entails the precoding matrix being computed and processed in geographically isolated areas. The impact of this system constraint in the attainable rates is a topic of future research.
In order to show the potential of the proposed transmission strategies in an FFR scenario, we perform a numerical evaluation over a close-to-real satellite scenario. Figure 6 depicts a system-level evaluation of a multibeam satellite system with N = 245 feed elements serving K = 245 beams with 300 users within each beam. On a given time slot the number of concurrent users is 2K = 490. Hence, the number of frames is F = 490. We assume a maximum power per feed of 55 W and a power amplifier output backoff of 5 dB. The channel model is the one reported in [4] , where the antenna pattern has been shared by ESA.
Two benchmark cases with single layer transmission have been included: the four-frequency scheme without precoding and the FFR scheme with precoding. Note that in both cases two-timeslot transmission is considered. Hence, a penalty factor of 0.5 is multiplying the sum-rate to capture the fact that the benchmark cases require two time slots to serve 490 users with 245 feed elements. The numerical results show that even with any type of scheduling, multi-layer transmission based on JPMUD presents a substantial sum rate gain compared to the benchmark cases. If the MinPI scheduling is used, a 109 and 384 percent gain is obtained with respect to the precoding for single-layer transmission case and the four-frequency scheme.
open reseArch chAllenges And conclusIons
This article has reviewed the state of the art in non-orthogonal transmission schemes for the FWD link of satellite mulitbeam communications and has provided a taxonomy of the main repre- sentative scenarios with respect to the order of frequency reuse. We note that the framing of the multiuser data that is used in the satellite protocols is different from the one used in the terrestrial wireless standards. That is, each simultaneous frame transmission generally embeds more than one user terminal's information, leading to the so-called multigroup multicast multibeam operation. This different framing has important consequences in user scheduling and rate allocation. In recent works on multibeam satellite precoding, it has been shown that scheduling in multicast multibeam operations is crucial for obtaining efficient achievable rates [4] . In particular, the scheduling process must group users with similar channel vectors in order to have high precoding gains. Otherwise, the precoding operation yields data rates lower than that of four-color frequency reuse patterns. Therefore, these aspects motivate the need for different scheduling techniques such as the one in [15] , where the authors propose a geographical scheduling algorithm in order to improve the fairness of a multicast precoder. Regarding the rate allocation, non-orthogonal transmission introduces additional constraints as the gateway shall consider the rate allocation of the two intended groups at each beam. This is due to the fact that the achievable rates are coupled with each group. This article has shed some light on the role of non-orthogonal FWD transmission in satellite systems; however, many aspects have yet to be defined and studied. For instance, the design of adaptive pre-distortion techniques, which are necessary to compensate for the distortion generated by the power amplifier when non-orthogonal signals are relied through the satellite payload, is important. There are other pure physical layer aspects such as the impact of channel estimation errors, imperfect interference cancellation, the effect of timing offset between the signals transmitted by the different beams, low-complexity precoding strategies that leverage limited feedback, and dynamic user scheduling, to mention a few. These studies have to be cast with upper-layer aspects, such as non-uniform traffic distribution among beams, packet encapsulation and adaptive coding and modulation in non-orthogonal transmission, and centralized or decentralized resource allocation, among others.
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